The constitutive 70 kDa heat-shock protein, HSPA8, has previously been shown to contribute to the long-term survival of spermatozoa inside the mammalian female reproductive tract. Here, we show that a recombinant form of HSPA8 rapidly promotes the viability of uncapacitated spermatozoa, the ability of spermatozoa to bind to oviductal epithelial cells, enhances IVF performance, and decreases sperm mitochondrial activity. Fluorescence recovery after photobleaching revealed that the repair of membrane damage is achieved by an almost instantaneous increase in sperm membrane fluidity. The ability of HSPA8 to influence membrane stability and fluidity, as well as its conserved nature among mammalian species, supports the idea that this protein protects sperm survival through membrane repair mechanisms.
Introduction
Oviductal sperm storage plays a key role in reproduction by providing a secure reservoir in which spermatozoa can attain full fertilizing properties. The oviductal epithelium and its secretions influence a number of sperm characteristics, the most notable of which are viability, motility, and capacitation (Grippo et al. 1995 , Fazeli et al. 2003 . These characteristics combine to enable spermatozoa to fertilize the oocyte under optimal conditions. A number of protein factors in oviductal fluid and the oviductal apical epithelial membrane have now been shown to affect sperm function. For example, a bovine oviduct-specific glycoprotein, which is secreted by oviductal epithelial cells, effectively maintains the viability and motility of spermatozoa (Abe et al. 1995) . Proteomic analysis of porcine oviductal fluid has revealed that the oviductal epithelial cells secrete a number of molecules in response to the presence of spermatozoa, most notable of which are heat-shock (stress) proteins (HSPs; Georgiou et al. 2005) .
HSPs are families of functionally related proteins that are highly conserved in divergent organisms (Burdon 1986 , Schlesinger 1986 , 1990 . HSPs are commonly considered as being molecular chaperones that perform a suite of intracellular homeostatic housekeeping functions that are focused on the normal functioning of cells and their protection against potentially damaging challenges. These proteins also play central roles in cellular growth and development, as well as in cell metabolism and signal transduction pathways (Picard et al. 1990 , Schlesinger 1990 , Young et al. 2001 . For many years, the established dogma was that mammalian HSPs are exclusively intracellular molecules and that they are only present in extracellular compartments in pathological conditions such as necrotic cell death. However, overwhelming evidence now points to the concept that stress proteins can be released under non-pathological conditions and have a protective role (Tytell et al. 1986 , Hightower & Guidon 1989 . For example, early research demonstrated the transfer of HSPA1A (HSP70) and HSPA8 (HSC70) from adjacent glial cells to the squid giant axon (Tytell et al. 1986) and that the exogenous HSPA1A enhanced the stress tolerance of neuronal cells. It has been suggested that this transfer of HSPs might be part of an altruistic response on the part of one cell for the protection of adjacent cells (Guzhova et al. 2001) .
Consistent with other reports on protective effects of exogenous HSPs in different cell systems, previous reports from our laboratory and others have indicated that HSPA8 significantly enhances the in vitro survival of boar, bull , and ram ) spermatozoa after long-term (24 and 48 h) exposure to HSPA8. However, the mechanism underlying this protective action of HSPA8 on spermatozoa and potential cofactors needed for HSPA8 to convey this effect are not yet known. Furthermore, in all the studies performed to date, the protective effect of exogenous HSPA8 on spermatozoa has been studied following at least 24 h of exposure to HSPA8. It is therefore not clear if the ability of HSPA8 to maintain sperm viability results from protection against damage during in vitro culture or the immediate repair of damaged cell membranes and the restoration of sperm viability and membrane integrity via an unknown mechanism.
In the current investigation, we characterized the immediate impact of exogenous HSPA8 on spermatozoa. Our experiments suggest that exogenous HSPA8 is a 'rapid response' extracellular cytoprotector and modifier of cell function, which rapidly restores cell membrane integrity by influencing membrane microviscosity via a mechanism that is dependent on membrane cholesterol.
Materials and methods

Production, overexpression, and purification of HSPA8
PCR amplification of full-length bovine HSPA8 (GenBank accession number NM_174345) from bovine uterine cDNA was performed using the following oligonucleotides: forward, 5 0 -C ACC ATG TCT AAA GGA CCT GCA GTT-3 0 ; reverse, 5 0 -ATC AAC CTC TTC AAT GGT GGG-3 0 . Pfx DNA polymerase was employed to create a blunt-ended PCR product and allowed directional cloning into pET101/DTOPO (Invitrogen, K101-01) with a C-terminal polyhistidine tag. The presence and correct orientation of the insert was confirmed by double-restriction digest with ApaI and Eco NI. Inducible expression under the control of the T7lac promoter was performed in BL21 Star (DE3) cells. Bacterial cell lysates containing His-tagged recombinant HSPA8 were applied to Probond nickel chelate resin (Invitrogen) under native conditions. Protein was eluted using 500 mM imidazole and dialyzed into PBS using 10 kDa molecular weight cut-off dialysis membrane. SDS-PAGE and western blot analysis was performed to verify the nature and purity of the recombinant HSPA8.
Immobilized metal ion affinity chromatography-purified HSPA8 (80-2000 ng) was run out under denaturing/reducing conditions on 4-12% w/v Bis-Tris NuPAGE gel in 1! MOPS running buffer at 200 V for w50 min. Proteins were electrotransferred to 0.2 mm nitrocellulose using 1! transfer buffer at 30 V for 1 h. Nitrocellulose membranes were then blocked in 5% w/v dried skim milk for 2 h and probed with anti-HAPA1A (SPA-810; 1/1000 in 1% w/v skimmed milk powder) or anti-HSPA8 (SPA-815; 1/1000 in 1% w/v skimmed milk powder) for 90 min. After washing for 15 min in 0.05% v/v PBS-Tween, the membranes were probed for 90 min with HRP-conjugated goat anti-mouse (Bio-Rad 172-1011; 1/2000) and rabbit antirat (Sigma; A5795; 1/2000) antibodies for HSPA1A and HSPA8 respectively. After washing membranes for 30 min in PBSTween with four changes, the signal was visualized using DAB/ Urea peroxidase substrate (Sigma D4418) and captured using a digital camera. For the anti-His western blots, membranes were probed with HRP-conjugated anti-His (C-terminus) reagent (Invitrogen; 46-0284) before being developed with DAB/urea peroxidase substrate.
Semen preparation
Boar semen that had been diluted and stored for 24 h in Beltsville Thawing Solution (Pursel & Johnson 1975 ) was obtained from a commercial artificial insemination station (JSR Healthbred Limited, Thorpe Willoughby, Yorkshire, UK). On the day of each experiment, diluted boar semen was washed using a Percoll gradient (GE Healthcare Bio-Sciences AB, Uppsala, Sweden; Holt & Harrison 2002) . For this, 2-4 ml aliquots of diluted semen were layered over an iso-metric Percoll density gradient consisting of 2 ml 70% v/v Percoll overlaid with 2 ml 35% v/v Percoll. The gradient was centrifuged at 200 g for 15 min followed by 15-min centrifugation at 1000 g. The supernatant was removed and the pellet was resuspended in modified Tyrodes medium containing, 3.1 mM KCl, 0.4 mM MgCl 2 . 6H 2 O, 2 mM CaCl 2 , 25 mM NaHCO 3 , 10 mM HEPES, and 0.3 mM NaH 2 PO 4 . 2H 2 O). The sperm concentration was determined using a hemocytometer and adjusted to 5!10 6 spermatozoa/ml in TALP medium that consisted of Tyrodes medium supplemented with 12 mg/ml BSA, 21.6 mM sodium lactate, and 1 mM sodium pyruvate. All chemicals used for preparation of TALP medium were purchased from BDH Laboratory Supplies, Poole, UK.
Assessment of sperm viability
Sperm viability was evaluated using a combination of ethidium homodimer/calcein-AM (Viability/Cytotoxicity kit: Molecular Probes, Eugene, OR, USA) and Propidium iodide/SYBR-14 (Live/Dead Sperm Viability Kit, Molecular Probes) viability staining assays. For this, ethidium homodimer and calcein-AM (0.4 and 0.08 mM) and propidium iodide and SYBR-14 (12 mM, 4 nM) were added to 100 ml semen aliquots (5!10 6 spermatozoa/ml). Samples were mixed and incubated for 30 min at 39 8C in 5% v/v CO 2 . An aliquot (10 ml) of each semen sample was placed on a slide and evaluated using a fluorescence microscope (Olympus BH2, Olympus) at 400!magnification using a dual rhodamine-FITC filter. Three slides were prepared for each sample and a minimum of 200 spermatozoa were evaluated per slide. Green fluorescent spermatozoa were classified as live and red fluorescent spermatozoa were classified as dead.
Chlortetracycline hydrochloride capacitation assay
The capacitation status of boar sperm was assessed using the chlortetracycline hydrochloride (CTC) staining method, as described by Fazeli et al. (1999) . Following CTC staining, 200 spermatozoa per slide (three slides for each sample) were immediately evaluated using an epifluorescence microscope (Olympus BH2, Olympus) at 400! magnification. The CTC assay revealed three patterns of uniform fluorescence over the 720 N Moein-Vaziri and others whole head (uncapacitated), a fluorescence-free band in the postacrosomal region (capacitated), and no fluorescent over the whole head (acrosome reacted).
Assessment of mitochondrial activity
Spermatozoa were stained with JC-1 mitochondrial probe (5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolocarbocyanine iodide; Sigma-Aldrich) according to the manufacturer's instructions and its proprietary staining buffer. Aliquots of Percoll-washed sperm (200 ml, 5!10 6 /ml) were incubated for 20 min with 200 ml staining buffer containing 7.6 nM JC-1 and 12 mM propidium iodide at 37 8C in a humidified atmosphere containing 5% v/v CO 2 . The suspension was centrifuged at 600 g for 3-4 min at 2-8 8C. The pellet was washed with staining buffer and resuspended in the same solution prior to microscopic evaluation. Evaluation was performed by epifluorescence microscope (Olympus BH2, Olympus) at 400! magnification.
Sperm-OEC binding assay
Equal volumes of Percoll-washed boar semen samples and pig primary oviduct epithelial cells were incubated at 39 8C, 5% v/v CO 2 for 30 min on a rotator. Unbound or loosely attached spermatozoa were removed by layering 400 ml of the spermoviductal epithelial cell suspension over a two-step Percoll gradient containing 1 ml 35% w/v Percoll overlaid on the top of 1 ml 70% w/v Percoll in a 15 ml polypropylene tube. After centrifugation at 200 g for 3 min, three layers of cells appeared. Non-motile, unbound spermatozoa and unattached oviductal epithelial cells located at the interface between the media and the 35% w/v Percoll layer (layer 1). Sperm-oviductal epithelial cell complexes located at the interface of the two Percoll layers (layer 2) and unattached highly motile spermatozoa that had sedimented to the bottom of the tube (layer 3). Cells from layers 1 and 2 were carefully removed using a pipette, combined, and diluted in 15 ml PBS. Unattached spermatozoa were removed by centrifugation at 200 g for 5 min. The supernatant was discarded and sperm-oviductal epithelial cells were resuspended in 500 ml PBS and fixed with 1% w/v formaldehyde in PBS prior to microscopic evaluation (Green et al. 2001 ).
Effect of HSPA8 on IVF capacity
Ovaries from prepubertal gilts were transferred from the local slaughterhouse to the laboratory in 0.9% v/v NaCl containing 70 mg/ml kanamycin, at 34-37 8C within 1 h of collection. Ovaries were gently washed three times in prewarmed (37 8C) NaCl solution and follicles of 3-6 mm in diameter were collected by making gentle cuts on the ovarian wall. Released oocytes with compact cumulus mass and dark evenly granulated cytoplasm were washed three times in maturation medium and 70-80 oocytes in 500 ml maturation medium supplemented with 10 IU/ml equine chorionic hormone (eCG, Folligon, Intervet International B.V., Boxxmeer, The Netherlands) and 10 IU/ml human chorionic hormone (hCG, Veterin Corion, Divasa Farmavic, S.A., Barcelona, Spain) were transferred into each well of a four-well plate. These were incubated at 39 8C, 5% v/v O 2 under mineral oil for 22 h and then for another 22 h in maturation medium without hormones for in vitro maturation (IVM).
After IVM, cumulus-oocyte complexes were stripped of cumulus cells by briefly vortexing with 0.1% w/v hyaluronidase in maturation medium. Denuded oocytes were then washed twice in maturation medium and three times in pre-equilibrated fertilization medium (modified Tris-buffered medium, mTBM) consisting of 113.1 mM NaCl, 3 mM KCl, 7.5 mM CaCl 2 . 2H 2 O, 20 mM Tris, 11 mM glucose, 5 mM sodium pyruvate, 0.2% w/v BSA (fraction V; Sigma 7888), and 0.5 mM caffeine (Abeydeera & Day 1997) . Groups of 50 denuded oocytes were then placed in 50 ml droplets of fertilization medium in four-well plate dishes under mineral oil at 39 8C in 5% v/v CO 2 in air. After 30 min, fresh boar spermatozoa were diluted to the appropriate concentration for insemination and 50 ml diluted spermatozoa were added to oocytes in IVF droplets to give a final concentration of 25 000 spermatozoa (sperm:oocyte ratio, 500:1).
Five At the end of the culture period, 50% of the zygotes were fixed on slides in acetic acid:ethanol solution at 1:3 (v/v) ratio for 48-72 h at room temperature for the assessment of fertilization parameters. Fixed oocytes were then stained with 1% v/v lacmoid in 45% v/v acetic acid and examined for fertilization parameters under a phase-contrast microscope (Eclipse E400, Nikon, Japan) at 200! and 400! magnification. The rest of the oocytes were continued in culture until 48 h, at which time they were transferred to fresh culture medium to be studied for early embryonic development parameters on the 2nd and 7th days after IVF.
Fluorescence recovery after photobleaching
Fluorescence recovery after photobleaching (FRAP) was used to assess sperm membrane fluidity. FRAP is an optical technique that measures the diffusion and recovery of fluorescent lipid probe, which is inserted into the membrane bilayer after laser-induced photobleaching of membrane. The lipid probe 5-(N-octa-decanoyl) aminofluorescein (ODAF, excited at 488 nm) was purchased from Molecular Probes.
For the labeling, equal volumes of Percoll-washed boar semen in Tyrodes (5!10 6 /ml) and 12.5 mM ODAF in 2% v/v ethanol were incubated for 15 min at room temperature, after which they were washed twice in Tyrodes by centrifugation at 400 g for 10 min (Wolfe et al. 1998) .
The appearance of live and dead cells is markedly different in samples stained with ODAF; live spermatozoa are always stained weakly, whereas the dead and membrane-disrupted ones absorb more ODAF and exhibit a stronger fluorescence, particularly over the acrosome and mid piece domains (Wolfe et al. 1998) . The distinction between live and dead cells enabled the examination of the effect of HSPA8 on the membrane fluidity of live spermatozoa only. ODAF uptake was monitored by a Zeiss epifluorescence microscope (Carl Zeiss Ltd, London, UK) fitted with a 100! objective lens. The incident w2.5 mm laser beam was generated by a water-cooled argon ion laser and bleaching time was 5 ms at 0.2 mW. FRAP analysis was performed using a COOLSNAPHQ/ICX285 camera (Photometrics, Maidenhead, UK) using 406 nm excitation and 530 nm emission filters. The kinetics of fluorescence recovery included the rate of diffusion (D-values 10 K9 cm 2 /s) of the reporter probe within the plane of membrane and level of recovery (R%), which indicated the proportion of freely diffusing reporter molecules (Wolfe et al. 1998) .
Membrane cholesterol quantification
Sperm membrane cholesterol content was determined using the Cholesterol Liquicolor Enzymatic assay (Stanbio, Boerne, TX, USA). For this, pellets of Percoll-washed or membrane cholesterol-modified spermatozoa were resuspended and washed (600 g, 10 min) in PBS (171 mM NaCl, 3 mM KCl, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 , pH 7.4). After a second wash, the sperm pellet was resuspended in 1 ml PBS and the sperm concentration was determined. Samples were stored at K20 8C until the analysis of cholesterol.
After thawing, plasma membranes were solubilized by incubating samples 1:1 (v:v) with lysate buffer (0.4% v/v Triton X-100 in PBS) for 1 h. The same samples were further diluted 1:5 (v:v) with the reagent provided in the kit and incubated for 25 min at 37 8C. Samples were then washed and the supernatant analyzed for cholesterol using spectrophotometry (Cecil Instruments, Cambridge, UK) at 500 nm. Sample cholesterol concentrations were determined using a standard dose-response curve that was generated in parallel.
Depletion of membrane cholesterol
Methyl-b-cyclodextrin (MbCD; Sigma-Aldrich) was used as a facilitating agent for cholesterol efflux. As MbCD as a cholesterol-accepting agent is believed to have toxic effects on cell viability, preliminary experiments were carried out to determine the optimal incubation medium at which the desirable amount of cholesterol was reduced without compromising sperm viability or membrane integrity. As it was observed that cholesterol modification of sperm was largely dependent on the sperm:MbCD ratio and their co-incubation period, the incubation medium and time for reduction of sperm cholesterol was always standardized according to the obtained data, as explained below.
A working solution of MbCD (16 mM) was prepared by dissolving 2 mg MbCD in 1 ml Tyrodes solution in a glass tube. Fresh Percoll-washed spermatozoa were diluted in TLP and treated with 0, 1, 2, 4, and 8 mM MbCD /100!10 8 spermatozoa for 30 min at 20-22 8C on a gentle shaker.
The mixture was washed through 45% Percoll gradient at 600 g for 20 min, and the pellet was washed once more in PBS (600 g, 10 min) before being resuspended in TLP. The remaining amount of cholesterol in the spermatozoa was measured as described above.
Repletion of membrane cholesterol
MbCD-loaded cholesterol (CLC) was prepared according to the method described previously (Purdy & Graham 2004 , Moore et al. 2005 . On the day of the experiment, a working solution of 16 mg/ml CLC was prepared in Tyrodes by vigorous vortexing at 37 8C. Spermatozoa were treated with 0, 1, 2, 4, and 8 mg CLC/10 8 spermatozoa for 30 min at 20-228C. The incubation was performed using a gentle shaker in order to allow CLC to distribute and have homogeneous effects on the treated cells. After removing CLC using a 45% Percoll gradient (600 g for 20 min), the amount of cholesterol in the spermatozoa was measured as described above.
Experimental design
Production of recombinant HSPA8 and its effect on boar sperm viability Recombinant HSPA8 was produced using an in vitro Escherichia coli recombinant protein production system. Percoll-washed spermatozoa from ten different boars were diluted in TALP and incubated with HSPA8 (0, 0.1, 0.5, and 1 mg/ml) for 15 min at room temperature, 24 and 48 h at 39 8C, and 5% v/v CO 2 . Sperm viability was evaluated microscopically using calcein-AM/Ethidium homodimer (Viability/ Cytotoxicity kit: Molecular Probes) and SYBR-14/ propidium iodide (Live/Dead Sperm Viability Kit, Molecular Probes).
Specificity of HSPA8-mediated effects on boar sperm viability
The specificity of the HSPA8-mediated prolongation of sperm survival was assessed by comparing the effects of HSPA8, HSPA1A (human recombinant stress-induced HSPA1A, StressMarq, Victoria, BC, Canada), and a-tubulin (Abcam, Cambridge, UK) on sperm viability. A combination of HSPA1A/HSPA8 was used to determine the potential presence of any synergistic influence on prolonging sperm viability. For these experiments, washed spermatozoa from nine boars were incubated for 15 min in TALP at room temperature containing different proteins: HSPA8 (0, 0.5 mg/ml), HSPA1A (0.1, 0.5, 1 mg/ml), and HSPA1A/HSPA8 mixtures (0.1/0.1, 0.5/0.1, 0.5/0.5, and 1/0.5 mg/ml).
Effect of background-level endotoxin present in recombinant HSPA8 on boar sperm viability
Endotoxin background level present in our in-house-produced recombinant HSPA8 was 300 IU/ml as determined by a semiquantitative Limulus amebocyte lysate assay (LAL assay; Sigma-Aldrich). The presence of background endotoxin was expected in recombinant HSPA8 used in our investigation as the recombinant protein was produced in an E. coli overexpression system. To rule out the potential detrimental effect 722 N Moein-Vaziri and others of the low-level endotoxin contamination of recombinant HSPA8 on sperm viability (membrane integrity), fresh Percollwashed sperm samples from three boars at 5!10 6 /ml were incubated with pure endotoxin (Sigma-Aldrich; 200, 300 and 400 IU/ml) for 15 min at room temperature. In addition, a control sample with no protein and one with 0.5 mg/ml HSPA8 were included for final comparison between the effects from different treatments.
Neutralization of the viability enhancing effect of HSPA8 by anti-HSPA8 antibody
The specificity of the observed effects was further evaluated by determining the capacity of an anti-HSPA8 antibody to block the effect of HSPA8 on sperm viability. For these experiments, fresh Percoll-washed spermatozoa from seven boars were pre-incubated with different concentrations (0, 0.1, 0.5, and 1 mg/ml) of anti-HSPA8 antibody (polyclonal rabbit IgG antibody; Abcam) for 30 min at room temperature. Thereafter, HSPA8 (0, 0.5 mg/ml) was co-incubated with pre-treated sperm for 15 min at room temperature, after which sperm viability was assessed.
Effect of sperm pre-incubation (sperm capacitation induction) on the viability enhancing effect of HSPA8
The capacitation status of boar sperm was assessed using the CTC staining method (Fazeli et al. 1999) . To assess the influence of sperm capacitation status on the ability of HSPA8 to enhance sperm viability, a total of six boar semen samples were incubated in TALP at 39 8C (capacitating condition) for 0, 1, 2, 4, and 6 h. At each time point, HSPA8 (0 and 0.5 mg/ml) was added and samples were incubated for an additional 15 min at room temperature. The viability and capacitation status (minimum of 200 live spermatozoa per slide three replicates per sample) were then evaluated using an epifluorescence microscope.
Effect of HSPA8 on sperm mitochondrial activity
Fresh Percoll-washed sperm samples from nine boars were incubated with HSPA8 (0 and 0.5 mg/ml) and a-tubulin (0.5 mg/ml), as control protein for 15 min at room temperature. Mitochondrial activity was assessed by determining the electrochemical gradient across the mitochondrial inner membrane using a cationic, lipophilic dye (5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolocarbocyanine iodide, JC-1; Sigma-Aldrich). A minimum of 200 live spermatozoa per slide (three replicates for each sample) with high or low mitochondrial activity were evaluated.
Effect of HSPA8 on sperm-OEC binding
Fresh Percoll-washed semen samples from seven boars were diluted in TALP and incubated with HSPA8 (0 and 0.5 mg/ml) for 15 min at room temperature. The samples were washed briefly by centrifugation (200 g for 10 min) and the pellet was resuspended in TALP. The sperm-oviductal epithelial cell binding assay was performed according to the method described in the supplementary information. The number of spermatozoa attached to 100 oviductal epithelial cells was counted by light microscopy in three replicates. The binding assay was replicated in 7 different experimental days.
Effect of HSPA8 on IVF capacity
Briefly, aliquots of pooled semen samples (10 7 /ml) from boars with proven fertility and high motility in mTBM medium were incubated with HSPA8 (0, 0.5, 1, 10, and 20 mg/ml) or 0.5 mg/ml HSPA1A for 15 min at room temperature.
Groups of 50 matured denuded oocytes were placed in 50 ml droplets of fertilization medium in four-well plate dishes under mineral oil at 39 8C in 5% v/v CO 2 in air. After 30 min, fresh boar spermatozoa that had been pre-incubated with HSPA8, were diluted to the appropriate concentration for insemination and 50 ml of diluted spermatozoa were added to oocytes in IVF droplets to give a final concentration of 25 000 spermatozoa (sperm:oocyte ratio, 500:1).
After 5-h incubation, oocytes from each group were transferred to 500 ml drops embryo culture medium. Sixteen hours after culture, half of the oocytes were fixed and stained for the assessment of fertilization parameters including penetration, monospermy, and efficiency rates.
Oocytes with one or more sperm heads and/or male pronuclei and the sperm tails were counted as penetrated. Penetration percentage was calculated as percentage of penetrated oocytes/total inseminated oocyte, monospermy was calculated as percentage of monospermic oocytes/total penetrated oocyte, and efficiency of fertilization was calculated as percentage of monospermic oocytes/total inseminated oocyte.
The rest of the oocytes were continued in culture for the assessment of cleavage and blastocyst formation rates (early embryonic development) on the 2nd and 7th days after IVF respectively. Cleavage rate was calculated as the percentage of embryos at two or four cells/total cultivated zygotes. Blastocyst formation rate represented the percentage of blastocysts/total cultivated zygotes. Cells per blastocysts were counted after fixing and staining with fluorescent Hoechst-33342 nuclear stain. IVF experiments were repeated in six replicates on 6 different days. Pooled data from individual replicates for oocyte penetration, monospermy, cleavage, and blastocyst formation rate as well as the number of cells/blastocyst were analyzed.
Effect of HSPA8 on sperm membrane fluidity and its specificity
Percoll-washed spermatozoa in Tyrodes solution were loaded with the lipid probe ODAF and incubated for 15 min with HSPA8 (0 and 0.5 mg/ml) or HSPA1A (0.5 mg/ml) and their membrane fluidity was assessed by FRAP. FRAP analysis was performed in three replicates (30 spermatozoa/replicate) on acrosomal and postacrosomal domains of live stained spermatozoa.
Neutralization of HSPA8 effect on sperm membrane lateral mobility by anti-HSPA8 antibody
We explored if blocking HSPA8 with a polyclonal anti-HSPA8 antibody would inhibit the protein's effect on sperm membrane lateral mobility. For this, fresh Percoll-washed spermatozoa from four boars loaded with ODAF were exposed to anti-HSPA8 antibody (0, 0.5, and 1 mg/ml) for 30 min. Thereafter, pre-treated sperm samples were co-incubated with HSPA8 (0 and 0.5 mg/ml) for 15 min at room temperature. FRAP analysis was performed and a minimum number of 30 spermatozoa were analyzed in each sample.
Effect of sperm pre-incubation (capacitation induction) on membrane lipid lateral mobility alterations induced by short exposure to HSPA8
To test the effect of sperm capacitation on the ability of HSPA8 to alter membrane fluidity, fresh semen samples and samples pre-incubated in TALP medium at 398C for 6 h in capacitating conditions (six different boars) were loaded with ODAF and incubated with HSPA8 (0, 0.5 mg/ml) in Tyrodes solution for 15 min at room temperature. FRAP analysis was performed and a minimum of 30 spermatozoa were analyzed in each sample.
Effect of membrane cholesterol depletion/repletion on HSPA8 viability and membrane fluidity enhancing ability
Membrane cholesterol was removed from Percoll-washed semen sample using MbCD and membrane cholesterol was measured. Spermatozoa were then treated with HSPA8 (0 and 0.5 mg/ml) for 15 min at room temperature and viability and membrane fluidity were determined. Alternatively, cholesterol was repleted to cholesteroldepleted spermatozoa with MbCD-loaded cholesterol (CLC) after exposure to HSPA8 (0 and 0.5 mg/ml) for 15 min at room temperature. Then viability and membrane fluidity were determined.
Statistical analysis
Statistical analysis was performed using factorial ANOVA (Statistica software, version 7 (www.StatSoft.com, 1984 -2004 ).
Fisher least significant difference test was used to compare the effect of treatments within experimental designs. T-tests were used for two independent samples and the results were indicated. The results were expressed as meanGS.E.M., and P values !0.05 were considered as representing statistically significant differences.
Results
In vitro expression of recombinant bovine HSPA8
The bovine HSPA8 gene was successfully cloned into an E. coli expression system and produced in small (50 ml) and larger (500 ml) scale bioreactors. On an average, 14 mg pure HSPA8 protein was produced from 500 ml cultures (Fig. 1A and 1B) . Western blot analysis with a HRP-conjugated anti-His (c-term) antibody confirmed the presence of His-tagged protein and an anti-HSPA8 antibody confirmed the identity of the recombinant product (Fig. 1C) . The lack of reactivity with an anti-HSPA1A antibody confirmed the identity and purity of the recombinant protein.
HSPA8 enhances sperm viability in a specific manner
Both short-term (15 min) and long-term (24 and 48 h) co-incubation of fresh sperm with HSPA8 significantly enhanced sperm viability (P%0.0001), regardless of the HSPA8 concentration. However, this effect was most pronounced at 15 min and 24 h for 0.5 mg/ml and at 48 h for 1 mg/ml (Fig. 2) . Incubation time 0 µg/ml 0.1 µg/ml 0.5 µg/ml 1 µg/ml 48 h Figure 2 Effects of HSPA8 on boar sperm viability. Viability% (determined by SYBR-14/propidium iodide staining) of boar spermatozoa incubated for 15 min at room temperature, 24 and 48 h at 39 8C in the presence of different concentrations of HSPA8. Significant beneficial effects of protein treatments on sperm viability were compared to controls at specific time intervals. Different letters denote significant (P!0.05) differences within specific time points. nZ10, meansGS.E.M.
Co-incubation of boar spermatozoa with HSPA8 for 15 min was sufficient to enhance sperm viability when evaluated using two different dye exclusion methods: calcein-AM/ethidium homodimer (viability: 65.3%G1 vs 78.18%G1.5 for control vs HSPA8-treated samples respectively, meanGS.E.M., nZ10, P!0.005) and SYBR-14/propidium iodide (67.1%G1 vs 78.7%G2 respectively, meansGS.E.M., nZ10, P!0.005).
Low contaminating background levels of endotoxin had no detrimental effect on sperm viability (membrane integrity) during 15-min incubation (69G5 vs 73.5G5.5 vs 68G4 vs 69G6.5, control vs 200 vs 300 vs 400 IU/ml endotoxin-treated samples respectively, meanGS.E.M., nZ3), whereas HSPA8 significantly increased sperm viability (69%G5 vs 81%G6, control vs HSPA8-treated samples respectively, meansGS.E.M., nZ3, P!0.01).
The specificity of the viability-enhancing effects of HSPA8 (0.5 mg/ml) was evaluated by comparing the effect HSPA1A µg/ml HSPA8 µg/ml Anti-HSPA8 antibody µg/ml Figure 3 The specificity of HSPA8-mediated effects and the additive effect of HSPA1A on sperm viability. (A) Sperm viability% (determined by SYBR-14/propidium iodide staining) of boar spermatozoa after 15-min exposure to 0 (control), 0.5 mg/ml HSPA8, 0.5 mg/ml a-tubulin, and 0.1, 0.5, and 1 mg/ml HSPA1A, (B) sperm viability% of boar spermatozoa after 15-min exposure to 0 (control), 0.5 mg/ml HSPA8, 0.5 mg/ml anti-HSPA8 antibody, and combination of 0.5 mg/ml HSPA8 with 0.1, 0.5, and 1 mg/ml anti-HSPA8 antibody, and (C) sperm viability% of boar spermatozoa after 15-min exposure to 0 (control), 0.5 mg/ml HSPA8, and HSPA1A-HSPA8 combinations (0.1-0.1, 0.5-0.5, 0.5-0.1, and 1-0.5 mg/ml), *P!0.05, nZ9, meansGS.E.M. 0 µg/ml 0.5 µg/ml 0 µg/ml 0.5 µg/ml Figure 4 Effect of sperm pre-incubation (capacitation induction) on the ability of HSPA8 to enhance boar sperm viability. (A) Viability% (determined by SYBR-14/propidium iodide staining), (B) capacitation% (assessed by chlortetracycline assay of boar spermatozoa) after incubation at 0, 1, 2, 4, and 6 h at 39 8C in capacitation condition followed by 15-min exposure to 0.5 mg/ml HSPA8 at room temperature.
(A) ‡ Significant (P!0.05) differences within specific time points, (B) ‡ significant (P!0.05) differences between different incubation time points and control (0 h), and (C) percentage change in viability and capacitation status of boar spermatozoa after incubation at 1, 2, 4, and 6 h at 39 8C in capacitation condition followed by 15-min exposure to 0.5 mg/ml HSPA8 at room temperature. nZ6, meansGS.E.M., rZ0.8. with that of HSPA1A and a-tubulin, and also determining whether the effect could be blocked using an anti-HSPA8 antibody. Although exposure of spermatozoa to HSPA8 significantly enhanced sperm viability, neither HSPA1A nor a-tubulin had similar effects on sperm survival (Fig. 3A) . The anti-HSPA8 antibody blocked the viability enhancing effect of HSPA8 in a concentration-dependent manner (Fig. 3B) . Interestingly, the presence of HSPA1A appeared to block the positive effects of HSPA8 on sperm viability (Fig. 3C ).
Sperm capacitation negates the viability-enhancing effects of HSPA8
Contrary to the above, the addition of HSPA8 (0.5 mg/ml) to spermatozoa pre-incubated in a capacitating medium had no significant effect on their viability or capacitation status, as assessed by their CTC staining characteristics ( Fig. 4A and B) . However, the proportion of spermatozoa responding to the viability-enhancing effect of HSPA8 decreased as the incubation progressed and the rate of capacitation increased. There was a strong negative correlation between the proportion of capacitated spermatozoa and the increase in the proportion of live sperm in response to HSPA8 treatment (RZK0.81, PZ0.0038, Fig. 4C ).
HSPA8 reduces sperm mitochondrial activity
JC-1 differentially labels mitochondria with high-and low-membrane electrical activity red or green respectively. HSPA8 reduced mitochondrial activity of fresh spermatozoa (proportion of spermatozoa with high mitochondrial activity after 15-min treatment 72.73%G1.5 vs 64.83%G1.5 for control and HSPA8-treated sperm samples respectively, P%0.01), whereas a-tubulin had no effect (70.73%G1.5 vs 73%G3 respectively). Data are presented as meansGS.E.M., nZ9.
HSPA8 increases sperm-OEC binding
Exposure of spermatozoa to HSPA8 for 15 min significantly increased the mean number of spermatozoa that attached to epithelial cells (9%G3 vs 14%G1.5 spermatozoa/epithelial cell for control vs HSPA8-treated sperm samples respectively (P%0.05), whereas a-tubulin had no effect on sperm-OEC binding 9%G3 vs 7.5%G1.15 spermatozoa/epithelial cell respectively. Data are presented as meansGS.E.M., nZ7.
HSPA8 improves the IVF capacity of sperm
A total of 4027 oocytes in six replicates were inseminated, from which 1982 oocytes were assessed for parameters of IVF and the rest (2045) for in vitro culture parameters. As indicated in Table 1 , a 15-min incubation of semen with 1 mg/ml HSPA8 significantly increased penetration rate (68.3%G3.9 vs 81.4%G3.9, for control and HSPA8-treated samples respectively, P!0.004). None of the other concentrations tested had any effect. In addition, monospermy significantly increased when spermatozoa were pre-treated with Table 1 Boar spermatozoa were treated with and without HSPA8 (0.1, 0.5, 1, 10, and 20 mg/ml) or HSPA1A (0.5 mg/ml) 15 min prior to insemination at room temperature. Sixteen hours post-insemination, half the oocytes were fixed and stained for assessment of IVF parameters (penetration, monospermy, and efficiency rates). Table 2 Boar spermatozoa were treated with and without HSPA8 (0.1, 0.5, 1, 10, and 20 mg/ml) or HSPA1A (0.5 mg/ml) 15 min prior to insemination at room temperature. The rest of the oocytes were continued in culture for assessment of in vitro culture parameters (cleavage, blastocyst formation rate, and mean cell number/blastocyst) on the 2nd and 7th days after IVF respectively. 726 N Moein-Vaziri and others 0.5 mg/ml (36.4%G5.5 vs 56.8%G5.4, P!0.0001) and 1 mg/ml (36.4%G5.5 vs 60.2%G5.3, P!0.0001) of HSPA8. The efficiency rate was accordingly higher after incubating sperm with 0.5 and 1 mg/ml HSPA8. There were no significant differences in cleavage rate or blastocyst formation rate between the groups, and HSPA8 had no apparent effect on the quality of the final embryo, as evaluated by the mean number of nuclei/ blastocyst. HSPA1A had no effect on any of the measured parameters (Table 2) .
Experimental group Total
Experimental group
Total Cleaved (%) Blastocyst (%)
HSPA8 increases lipid diffusion on the sperm head
Exposure of spermatozoa to HSPA8 significantly and rapidly increased diffusion co-efficient (D-values 10 K9 cm 2 /s) and recovery% (R%) of sperm plasma membrane lipids in the acrosomal and postacrosomal regions of the sperm head. HSPA1A had no effect on any of the sperm membrane fluidity parameters in the two regions (Fig. 5) . Moreover, anti-HSPA8 antibody blocked the enhancing effect of HSPA8 on boar sperm membrane fluidity on both regions (Fig. 6) .
Capacitation counteracts the membrane fluidity enhancing effect of HSPA8
Incubation of spermatozoa in capacitating conditions for 6 h significantly increased the percentage of capacitated spermatozoa from 7%G2.5 at 0 h to 67%G5.5 at 6 h, as assessed by the CTC staining assay. Capacitation per se also caused a significant increase in D-values for ODAF over the acrosome and post-acrosome relative to non-capacitated spermatozoa (Fig. 7A, B, C, and D) . However, acute exposure of capacitated spermatozoa to 0.5 mg/ml HSPA8 had no additional effect on any of the measured parameters in any of the sperm head regions (Fig. 7) .
Reduction of sperm membrane cholesterol attenuates HSPA8-induced viability and membrane fluidity enhancing effects Incubation of fresh sperm suspensions for 30 min with 0-8 mM MbCD progressively reduced their cholesterol content, with a strong inverse linear correlation between them (r 2 ZK0.99, meansGS.E.M., nZ5, PZ0.0003; Fig. 8A ). With 4 mM MbCD, cholesterol levels were estimated at 0.36 mgG0.16/10 6 cells relative to 0.48 mgG0.11/10 6 cells in control samples. In the presence of 8 mM MbCD, cholesterol was further reduced to 0.22 mgG0.11/10 8 cells, i.e. 56% of controls. No change in sperm viability was detected between 1 and 4 mM MbCD (Fig. 8B ), but at 8 mM MbCD viability decreased from 68%G4.5 to 53%G3 (control vs MbCD treatment, meansGS.E.M., nZ5, PZ0.003). Thus, 4 mM MbCD lowered sperm cholesterol by 25% without adversely affecting their viability under the conditions employed.
In the presence of 1-4 mM MbCD, diffusion of ODAF on the sperm acrosome increased progressively from 31 to 47!10 K9 cm 2 /s (P!0.005), but fell sharply to 15!10 K9 cm 2 /s in the presence of 8 mM MbCD (Fig. 8C) . Subsequent exposure of these sperm to 0.5 mg/ml of HSPA8 attenuated the increase in ODAF diffusion, with the effect being much reduced at 8 mM MbCD. On the postacrosome, ODAF diffusion increased only at the lower concentrations of MbCD (1-2 mM), decreasing substantially at 4-8 mM MbCD. As observed on the acrosome, the addition of 0.5 mM HSPA8 increased ODAF diffusion only at the lower concentrations of MbCD (Fig. 8D) .
Repletion of membrane cholesterol restored HSPA8 function on sperm membrane
Cholesterol-depleted spermatozoa did not respond to HSPA8 treatment in the same way as controls in terms of viability and membrane fluidity enhancement. However, repletion of membrane cholesterol restored the membrane responsiveness to HSPA8 effects on both viability and membrane fluidity in the sperm acrosome and postacrosomal membrane (Fig. 8E, F , and G).
Discussion
HSPA8 had an immediate effect on improving sperm viability, enhancing sperm membrane fluidity, decreasing sperm mitochondrial activity, increasing the ability of spermatozoa to bind to oviductal cells, and increasing the rate of in vitro monospermic fertilization. These were manifested in spermatozoa just after only 15-min (or shorter) exposure to HSPA8.
Long-term beneficial effects of HSPA8, including an improvement the survival of bull, boar, and ram sperm (24 or 48 h) are well documented ). Other HSPs such as HSPD (HSP60), HSPA1A, and a combination of HSPA1A/HSPA8 are also known to prolong the survival of different cell types such as sensory neuronal cells (Houenou et al. 1996) and vascular endothelial cells (Johnson et al. 1990) , after extended periods of co-culture with HSPs. However, the current investigation has extended the known capacity of HSPA8 to prevent membrane damage to also include a membrane repair mechanism. A consistent and significant increase of 10-15% in the proportion of live (membrane intact) spermatozoa after brief exposure of spermatozoa to exogenous HSPA8 implied that HSPA8 is rapidly restores membrane integrity in damaged spermatozoa. Spermatozoa repaired by short exposure to HSPA8 are either morbid or undergoing the process of cell death. Hence, HSPA8 seems to have reversed the process that eventually will lead to their destruction and has restored membrane integrity in these cells. 728 N Moein-Vaziri and others HSPA8 probably reverses sperm membrane damage and restores cell membrane integrity via interactions with, and alterations in, membrane properties. A number of studies have reported on the ability of different HSPs to enhance viability via interactions with cellular membranes in different cell types (Johnson et al. 1990 , Johnson & Tytell 1993 , Boilard et al. 2004 . It is known that HSPs regulate membrane stability and fluidity (Chen et al. 2005 , Horvath et al. 2008 and that HSPs are involved in stabilizing cellular and organellar membranes in stressful conditions (Carratu et al. 1996 , Vigh et al. 1998 . Interaction of HSP17 with Synechocystis membrane lipids positively influences membrane integrity and fluidity in favor of cell survival under stressful conditions (Horvath et al. 1998 ). An E. coli HSP, GroEL, has also been shown to associate with and stabilize bacterial membrane during stress (Torok et al. 1997) . Furthermore, HSPA1A prevents cancer cell death by inhibiting lysosomal membrane permeabilization (Gyrd-Hansen et al. 2004 , Nylandsted et al. 2004 , Kirkegaard et al. 2010 . Generally, it appears that HSP-cell membrane associations antagonize stress-induced disturbances of membrane domains and preserve functional and structural integrity of the biomembranes (Horvath et al. 1998 , 2008 , Vigh et al. 2005 . Our current observations of an immediate effect of HSPA8 on spermatozoa extend HSPA8 from a protective agent to a molecule which is capable of repair of cell integrity.
In the current study, we used FRAP to measure twodimensional lateral dynamics (fluidity) and topology of molecules within a defined area of membrane bilayer (Ladha et al. 1997 , Wolfe et al. 1998 . FRAP demonstrated that short exposure to HSPA8 enhanced sperm membrane lipid fluidity in the acrosomal and post-acrosomal domains. Diffusion coefficient levels and recovery values were within the range that would be expected to reflect viability and membrane intactness (Ladha et al. 1997 , Wolfe et al. 1998 . Potentially, this rapid increase in membrane fluidity after exposure to exogenous HSPA8 is the mechanism that is responsible for restoration of cell membrane integrity in damaged cells by HSPA8. Fluidity is a characteristic feature of membranes. Cellular viability and function is dependent on maintenance of cell membrane fluidity within physiological ranges (Horvath et al. 1998 (Horvath et al. , 2008 . A set of factors ranging from naturally occurring non-hazardous intracellular activities to deleterious environmental stressors constantly disturb the membrane fluidity equilibrium (Horvath et al. 1998 , Horvath & Vigh 2010 ). These events individually or in combination can disrupt membrane stability by shifting the membrane fluidity pattern below or above the physiological range specific to each cell system. For instance, high temperatures induce hyperfluidity (Wolfe et al. 1998) , whereas oxidation causes rigidity in cell membranes (Christova et al. 2004 ). It is therefore very possible that HSPA8 increased membrane lipid fluidity in the subpopulation of spermatozoa with reduced fluidity due to stress, cold, oxidative physical damage, or any other membrane disturbing factors.
Depletion of membrane cholesterol diminished the effect of HSPA8 on both membrane integrity and fluidity. Hence, the immediate conclusion would be that there is a biological interaction between cholesterol and HSPA8 molecules, without which the effect of HSPA8 on the sperm membrane is abolished. That idea was supported when further experiments showed that the HSPA8 effect was restored maintained after cholesterol replenishment. However, whether cholesterol molecules act as binding sites for HSPA8 or only plays a supporting role by maintaining the raft structures tightly together so that HSPA8 molecules can attach to their binding sites/receptors on the organized lipid plane has yet to /s), (C) acrosome recovery%, and (D) postacrosome recovery% of boar spermatozoa (30 spermatozoa/sample) at 0 and 6 h pre-incubation in capacitating conditions, followed by 15 min exposure to 0 and 0.5 mg/ml HSPA8. *Significant (P!0.05) differences within specific time points, nZ4, meansGS.E.M., NS, not significant. be determined. The proposed concept can also explain the inability of HSPA8 to enhance the viability of capacitated spermatozoa. Capacitation involves substantial reduction in membrane cholesterol (Osheroff et al. 1999) . It is therefore highly probable that the capacitation-induced reduction/reorganization in sperm membrane cholesterol/lipid structure compromises the interaction sites for HSPA8 to assert its effects.
As sperm capacitation is a multistep process, developing direct, simple, and straightforward assays for capacitation has been an issue of debate. All the capacitation assays available so far are indirect ones, which evaluate this complex process based on different steps and definitions. As stated previously, CTC fluorescence assay was used for assessment of sperm capacitation status in our experiments. CTC produces distinct fluorescence distribution patterns on the sperm surface depending on the capacitation and acrosomal status of sperm (Visconti et al. 1998) . This assay was first described by Saling & Storey (1979) . Some years later, the correlation between sperm capacitation status and the previously described patterns were validated (Ward & Storey 1984) . The fluorescent neutral chlortetracycline is transferred across the cell membrane, complexes with intracellular free Ca 2C and this leads to an increase in its fluorescence intensity. Preferential binding of the CTC-Ca 2C complex to the hydrophobic regions of the sperm membrane results in the different fluorescence patterns described before (Visconti et al. 1998) . The advantage of the CTC assay is that it evaluates the final stages of capacitation independently of the acrosome reaction. However, as it is assumed that fluctuations in the distribution of Ca 2C -CTC complexes that bind to membrane phospholipid molecules are responsible for the different patterns observed, care must be taken in interpretation of the results and assay design because any factor that affects the fluorescence absorption spectrum of the CTC or of Ca 2C -phospholipid complex or that quenches the fluorescence intensity of these complexes could cause potential misinterpretation in the capacitation status of the spermatozoa (Visconti et al. 1998) .
In contrast to HSPA8, human recombinant HSPA1A had no effect on sperm viability or membrane lipid lateral diffusion in this study. These results were partly unexpected because of the wealth of literature supporting HSPA1A's role in the protection of different cell types (Beckmann et al. 1990 , Shi & Thomas 1992 , Browne et al. 2007 . Furthermore, none of the HSPA1A and HSPA8 combinations had any effect on viability, suggesting that HSPA1A negates the positive effect that is observed with HSPA8 alone. This observation confirmed recent reports of differential and antagonizing effects of HSPA1A against HSPA8 in other cellular systems. In Xenopus oocytes, the induction of surface expression of epithelial sodium channels by individual HSPA1A is antagonized by co-injection of HSPA1A and HSPA8 cRNA to the cells in a concentration-dependant manner (Goldfarb et al. 2006) . Furthermore, these two proteins have been shown to counteract the stabilization of a potassium channel subunit in human cardiomyocytes (Li et al. 2011) . Finally, the ability to block the effects of HSPA8 on sperm viability and membrane fluidity using an anti-HSPA8 antibody confirmed the unique and specific effect of short exposure of sperm to HSPA8 in restoring sperm viability and not other HSPs such as HSPA1A. 8 spermatozoa) to spermatozoa that were already membrane cholesterol depleted by MbCD 4 mM/10 8 spermatozoa and 15-min exposure to 0.5 mg/ml HSPA8, different letters denote significant differences within specific treatments. P!0.05, nZ5, meansGS.E.M.
